This paper has applied the constrained viscoelastic layer damping treatments to a cylindrical aluminum shell using layerwise displacement theory. The transverse shear, the normal strains, and the curved geometry are exactly taken into account in the present layerwise shell model, which can depict the zig-zag in-plane and out-of-plane displacements. The damped natural frequencies, modal loss factors, and frequency response functions of cylindrical viscoelastic aluminum shells are compared with those of the base thick aluminum panel without a viscoelastic layer. The thickness and damping ratio of the viscoelastic damping layer, the curvature of proposed cylindrical aluminum structure, and placement of damping layer of the aluminum panel were investigated using frequency response function. The presented results show that the sandwiched viscoelastic damping layer can effectively suppress vibration of cylindrical aluminum structure.
Introduction
The cylindrical curved structure has been employed in many engineering applications, such as aircrafts, automobiles, ships, and other industrial machines. Which structures are usually vibrated with different level due to external regular or random loads. And the structural failures can originate from the vibration by severe dynamic load and structural resonances. So the study of vibration and dynamic characteristics of cylindrical structure is an important work in engineering field.
Numerical researches have been studied for vibration of the shells with different theories. Studies on the vibrations characteristics of the cylindrical shells have been carried out extensively using numerical methods. Love [1] modified the Kirchhoff hypothesis for plates and established the assumptions used in the so-called classic theory of thin shells. Arnold and Warburton, Chung, Bhimaraddi, Soldatos, and Hadjigeorgiou analyzed vibration of a cylindrical structure based on Love hypothesis [2] [3] [4] [5] . Constrained layer damping is a mechanical engineering technique for suppression of vibration. Typically a viscoelastic or another damping material is sandwiched between two sheets of stiff materials that lack sufficient damping by themselves. Ross et al. presented a general analysis of the viscoelastic structures [6] . They described the damping mechanism of the viscoelastic material as in-plane and transverse shear deformations, RKU assumptions. Mead and Markus developed sixth-order equations of motion for the transverse displacement of the damped sandwich beams with arbitrary boundary conditions [7] . Blasingame and DiTaranto added the extensional stiffness of the dissipative core layer to Kerwin's formulation of the laminated sandwich plate [8] . Siu and Bert investigated the material damping of laminated anisotropic rectangular plates, considering the thickness-shear flexibility and rotary and coupling inertia [9] . Chen and Huang presented a study on optimal placement of PCLD treatment for vibration suppression of the plates [10] . In their optimization, the structural damping plays the main performance index and the frequencies' shift and constraint layer damping thickness act as penalty functions. Zheng et al. have adopted genetic algorithm based penalty function method that is employed to find the optimal layout of rectangular passive constrained layer damping patches aiming to minimize the structural volume displacement of constraint layer damping treated cylindrical shell [11] . An optimization solution of rectangular constraint layer damping patches locations and dimensions is obtained under the constraint of total amount of constraint layer damping in terms of percentage added weight to the base structure. Ro and Baz presented optimal damping studies with an active constrained viscoelastic damping treatment distributed over regions of high strain energy on a plate [12] . Masti and Sainsbury have investigated the effectiveness of using a strain energy-based partial coating approach for vibration attenuation of the cylindrical shells [13] . The isogeometric analysis with nonuniform rational B-spline based on the classical plate theory is developed for free vibration analyses of functionally graded material thin plates [14] .
In this study, a viscoelastic constrained layer damping treatment was employed to minimize vibration of a cylindrical aluminum panel using layerwise finite element theory, the base structure, and the constraining layer. The transverse shear, the normal strains, and the curved geometry are exactly taken into account in the present layerwise shell model, which can depict the zig-zag in-plane and out-ofplane displacements. The frequency response functions, the mode shapes, and the modal loss factor of a cylindrical sandwich aluminum panel were investigated with viscoelastic damping treatment.
Description of Finite Element Modeling
Figure 1(a) shows the geometry of a cylindrical aluminum shell with a viscoelastic damping layer. In this study, the layerwise shell theory is proposed to accurately predict the vibration and damping characteristics of the cylindrical aluminum panels with the viscoelastic damping layers. Based on the full layerwise shell theory, the displacement fields ( , V, and ) on the cylindrical coordinate system can be expressed by introducing the piecewise interpolation function along the thickness direction and finite element shape functions 
where the linear interpolation function Φ ( ) along the thickness direction can be expressed by the following form:
Based on the sublaminate layerwise shell theory, an inplane displacement can be described with a zig-zag deformation along the thickness direction as shown in Figure 2 [15] . The relationship between strains and displacement fields can be expressed as follows:
is defined as a function of in the following form:
Governing Equations of Cylindrical Panel
To derive the governing equation of motion for the cylindrical panels with the viscoelastic layers, Hamilton's variational principle was applied in the following form:
where , , and are the density, body force, and surface force, respectively. The displacement filed of th interface was defined using shape function as follows:
where NPE is node per element and is linear interpolation function and by substituting (1a), (1b), (1c), (3a), (3b), (3c), (3d), (3e), and (3f) into (5), we can obtain the following equations of the finite element:
Consequently, we can obtain the global finite element equations of motion through the assembly process, resulting in the following complex form:
Dynamic Equation of Cylindrical Panel with Viscoelastic Damping Layer
Here, normal and shear moduli can be expressed in the form of complex numbers as follows: 
By considering the complex modulus of (9a) and (9b), the eigensystem matrices for undamped free vibration can be written in the following form:
The modal approach using the eigensolutions of undamped free vibration is applied to reduce the order of system matrices as follows:
where the reduced system matrices and vectors are given as
From (11), natural frequencies and modal loss factors can be defined as follows:
The frequency response function is used to investigate the steady state dynamic characteristics of the linear system subject to harmonic excitation. Due to a harmonic excitation at a certain point, the reduced force vector with respect to modal coordinates is given as follows:
Finally, the frequency response function obtained from the modal approach is given in the following form: 
Results and Discussion
For finite element analysis of the cylindrical aluminum panel, the nine-node 2 × 4 meshes are used for the cylindrical panel and the material properties are given as in Table 1 . Figure 3 shows the three discussed cases in this study, which are no damping layer (NDL), sandwich single damping layer (SSDL), and sandwich double damping layer (SDDL). natural frequencies and the modal loss factor are decreased with increasing except the first mode. Figure 6 shows the frequency response of the cylindrical aluminum panel in case of SSDL with variety of the curvatures . As the radius of the cylindrical geometry was increased, the natural frequencies decreased except that the first mode and the magnitude of the second, the third, the fourth, and the fifth modes are increased due to the dominance of the transverse shear and the curvature effect. Figure 7 shows the frequency response of the cylindrical aluminum panel in case of SSDL with variety of the central angles . As the central angle of the cylindrical geometry was increased, the natural frequencies decreased except that the first mode and especially the second mode are more dominant with the central angle . Figure 8 shows the frequency response of the cylindrical aluminum panel in case of SSDL with variety of the lengths . With increasing the length value the natural frequency has a decreasing trend in the frequency response function. The damping factor is an important parameter in the viscoelastic material. Figure 9 shows the frequency response of the cylindrical aluminum panel in case of SSDL with variety of the damping factors of the viscoelastic damping material. As the damping factor increases, the magnitude of the first five modes decreased, because of good damping performance of the viscoelastic damping layer. Figure 10 shows the frequency response of the cylindrical aluminum panel in case of SSDL with variety of the thicknesses of the damping layer 2. The magnitude of SSDL has good damping effect at the second, the third, the fourth, and the fifth modes, with shifting of the natural frequency. Figure 11 shows the frequency response function of the cylindrical aluminum panel in case of SSDL with variety of the thicknesses ratio. With increasing of the thickness ratio, the natural frequency has decreasing trend, because the thickness of panel becomes thin. Figure 12 shows the frequency response of the cylindrical aluminum panel in case of SDDL with variety of the damping factors of the viscoelastic material. As the damping factor increases, the magnitude of each mode decreased. Figure 13 shows the comparison of the frequency response of the cylindrical aluminum panel in case of pure aluminum, SSDL, and SDDL. The results show that the sandwiched viscoelastic damping layer has good damping performance compared with no damped thick aluminum panel. Figure 14 shows the mode shapes in case of NDL, SSDL, and SDDL. The first, the second, and the fourth modes show the bending mode and the third and the fifth modes show a twisting mode.
Conclusion
In this paper, the vibration characteristics of a sandwiched cylindrical aluminum shell with viscoelastic damping treatment were investigated using layerwise theories. The transverse shear, the normal strains, and the curved geometry are exactly taken into account in the present layerwise shell model, which can depict the zig-zag in-plane and out-ofplane displacements. The frequency response functions, the mode shapes, and the modal loss factor of a cylindrical sandwich aluminum panel were investigated with viscoelastic damping treatment. The damped natural frequencies, the modal loss factors, and the frequency response functions of the cylindrical viscoelastic aluminum shells are compared with those of the base thick aluminum panel without a viscoelastic layer. The thickness and the damping ratio of the viscoelastic damping layer, the curvature of proposed cylindrical aluminum structure, and placement of damping layer of the aluminum panel were investigated using frequency response function. The presented results show that the sandwiched viscoelastic damping layer can effectively suppress vibration of the cylindrical aluminum structure. 
